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10 years ago - ICUD in Copenhagen  
From www.dk360.dk 
Other things happening in DK in 2005 
200 years anniversary of 
H.C. Andersen birth 
The little mermaid 
The princess and the pea 
The steadfast tin solder 
The Emperor’s new clothes 
The ugly ducking 
The red shoes 
The little match girl 
All pictures are from www.wikipedia.org 
Once upon a time in Denmark 
The good old operator 
Once upon a time in Denmark 
The good old operator 
From lego.wikia.com 
I need to optimize the 
performance of my 
system 
Smart people 
from university, 
please help me! 
Many projects 
Storm- and Wastewater Informatics (SWI) 
Klimaspring 
Prepared 
AMOK 
…. 
Industrial PhDs 
Industrial postdocs 
Many MSc theses 
 
2007-now … a range of activities 
Universities + research institutions + water utilities + consultants 
Model-based operation of integrated urban 
wastewater systems – the “old” way 
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Let’s model 
it! 
y=m(t,x,u,θ) 
Model can be used to: 
Predict variables in places where there 
are no measurements 
Predict what is going to happen in the 
future (so I can make better 
decisions) 
 
Data assimilation techniques (DA) Update on-line models with on-line data 
Model Predictive Control (MPC) Find the optimal set points based on 
 model results 
 
Challenges with the existing methods 
Data assimilation techniques 
(DA) 
Model Predictive Control (MPC) 
 
Linear (or linearizable) systems 
Fast models  
Water supply (EPAnet much faster than 
SWMM) 
Slow response system (~days) 
Reservoirs, big dams 
Good information about 
input/process variables 
Chemical plant ~ WWTP control 
 
y=m(t,x,u,θ) 
Challenges with the existing methods 
Data assimilation techniques 
(DA) 
Model Predictive Control (MPC) 
 
Linear (or linearizable) systems 
Fast models  
Water supply (EPAnet much faster than 
SWMM) 
Slow response system (~days) 
Reservoirs, big dams 
Good control over input/process 
variables 
Chemical plant ~ WWTP control 
 
What 
about 
uncertainty
???
O(x,t)+ε(x,t)=m(t,x,u,εu,θ,εθ)+
εu(x,t, u,εu,θ,εθ) 
? 
? ? 
? ? 
Challenges with the existing methods 
Data assimilation techniques 
(DA) 
Model Predictive Control (MPC) 
Uncertainty analysis methods 
 
Commonly applied methods are 
computationally expensive 
 O(x,t)+ε(x,t)=m(t,x,u,εu,θ,εθ)+
εu(x,t, u,εu,θ,εθ) 
? 
? ? 
? ? 
Nr of 
simulations 
GLUE SCEM-UA AMALGAM MICA 
Quantity 3500 <2350 3000 3500 
Quality 30,000 <1600 2500 4500 
From Dotto et al. (2012), Water Research, 
46, doi:10.1016/j.watres.2012.02.009 
Example from Dotto et al. (2012) – simple linear reservoir model 
The SWI concept 
Measurements Models Forecasts Uncertainty 
The happy 
operator 
The fellowship of SWI – the long journey 
Control 
Strategy 
Model 
now 
Model 
Model 
Rainfall 
measurements 
Short-term rainfall 
forecasts 
Continuously updated 
hydrodynamic models 
Stochastic rainfall-
runoff forecast 
WWTP forecast 
models 
MPC strategy 
addressing 
uncertainty 
Measurements Models Forecasts Uncertainty 
The happy 
operator 
Control 
Strategy 
Model 
now 
Model 
Model 
Measurements Models Forecasts Uncertainty 
The happy 
operator 
Rainfall 
measurements 
Short-term rainfall 
forecasts 
Continuously updated 
hydrodynamic models 
Stochastic rainfall-
runoff forecast 
WWTP forecast 
models 
MPC strategy 
addressing 
uncertainty 
The fellowship of SWI – the long journey 
Rainfall input 
Where is it raining?  
And how much? 
Rainfall is not easy to measure 
 Volume Spatial distribution 
Rain gauges √ X 
Radar X √ 
Flow measurements ? ? 
Slide courtesy of Søren Thorndahl 
But you can combine them 
Søren Thorndahl – Department of Civil Engineering Aalborg University 
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Observation        Nowcast model 
Radar  Rain gauge Better estimation of rainfall 
Søren Thorndahl – Department of Civil Engineering Aalborg University 
 
 
 
Radar nowcast (AAUforecast) 
- Extrapolation of observed radar rainfall based on correlation between radar images 
 
- Method: CO-TREC 
 
16 
Observation        Nowcast model 
- Lead time: 0 – 2 hours 
 
- No growth/decay 
 
- A new nowcast is                        
 produced every 10 min 
Søren Thorndahl – Department of Civil Engineering Aalborg University 
 
 
 
Numerical weather prediction (NWP) model:   
DMI-HIRLAM-S05 
 
- Spatial resolution: 0.05° (approx 
5 km) over 40 vertical levels 
 
- Temporal resolution: 1 hour 
 
- Lead time: 1 - 24 h (in this 
study) 
 
- The NWP model is run every 6 
hours at 00, 06, 12, 18 UTC  
 
 
 
 
 
 
 
DMI-HIRLAM S-05 
Søren Thorndahl – Department of Civil Engineering Aalborg University 
 
 
 
Event 6: 18 January 2012  
  
Rain 
gauges 
Radar 
obs. 
Radar nowcast NWP model forecast 
Leadtime 0h 0 h 1 h  2 h 1 h 2 h 6 h 12 h 24 h 
Mean accum. (mm) 8.6 7.3 7.0 3.5 8.4 9.0 9.0 8.8 8.6 
18 
Søren Thorndahl – Department of Civil Engineering Aalborg University 
 
 
 
Flow forecast results  - Event 6: 21 – 24 January 2012 
19 
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Measured
Weather model 6 h
Weather model 12 h
Weather model 24 h
Mean rain gauge  
accum.: 8.6 mm 
 
Mean obs. radar  
accum.: 7.3 mm 
Now 2 hr 
Goodness of 
forecast 
Radar 
NWP 
Søren Thorndahl – Department of Civil Engineering Aalborg University 
 
 
 
Cases: Real time  
applications in 2014 
20 
Copenhagen  
- Real time 
modelling of in-
flow to Lynetten 
WWTP. 
- Nowcast Stevns 
Radar. 
- Purpose: RTC of 
ATS 
Tønder 
- Real time 
modelling of in-
flow to Tønder 
WWTP.  
- Nowcast Rømø 
Radar.  
- Purpose: RTC of 
ATS 
Aalborg 
- Real time modelling of in-flow to WWTP.  
- Nowcast Sindal Radar.  
- Purpose: RTC of ATS 
Søren Thorndahl – Department of Civil Engineering Aalborg University 
 
 
 
Lynetten WWTP 
 
 
 
 
 
21 
Observed radar 
 
 
 
 
Flow forecast  
 
 
 
 
Flow forecast 
 
 
- Real time ATS 
operation with 
radar nowcasted 
inputs 
 
- Preliminary 
results: > 20 % 
reduction of 
bypassed water 
during wet 
weather   
 
 
 
Observed radar 
 
 
 
 
Observed radar 
 
 
 
 
Flow forecast 
 
Catchment: 77 km2 
 
Søren Thorndahl – Department of Civil Engineering Aalborg University 
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The new AAU Nowcaster 
The spatial resolution is 16 times higher than before 
 (500x500m vs 2000x2000m) 
 Before  
 
After 
 
Søren Thorndahl – Department of Civil Engineering Aalborg University 
 
 
 
Demonstration af online nowcaster (WP-3) 
Slide courtesy of Jesper Ellerbæk Nielsen 
Control 
Strategy 
Model 
now 
Model 
Model 
Measurements Models Forecasts Uncertainty 
The happy 
operator 
Rainfall 
measurements 
Short-term rainfall 
forecasts 
Continuously updated 
hydrodynamic models 
Stochastic rainfall-
runoff forecast 
WWTP forecast 
models 
MPC strategy 
addressing 
uncertainty 
The fellowship of SWI – the long journey 
Data Assimilation Slide courtesy of M
orten Borup 
SYSTEM 
Data Assimilation Slide courtesy of M
orten Borup 
Perception of the SYSTEM 
Observations: Information of 
single points in system 
Model of SYSTEM 
Model: Description of system 
dynamics  
Data Assimilation Slide courtesy of M
orten Borup 
Observations: Information of 
single points in system 
Model of SYSTEM 
Model: Description of system 
dynamics  
Perception of the SYSTEM 
Data Assimilation Slide courtesy of M
orten Borup 
Observations: Information of 
single points in system 
Model of SYSTEM 
Model: Description of system 
dynamics  
Perception of the SYSTEM 
Ensemble-based updating Slide courtesy of M
orten Borup 
...... 
..... 
Measured 
rain 
Perturbated 
rain  
MIKE URBAN 
MIKE URBAN 
MIKE URBAN 
...... 
..... 
Real flow 
Ensemble-based updating Slide courtesy of M
orten Borup 
...... 
..... 
Measured 
rain 
Perturbated 
rain  
MIKE URBAN 
MIKE URBAN 
MIKE URBAN 
...... 
..... 
Observation 
Ensamble 
Kalman 
Filter 
Real flow 
Ensamble-based updating 
Didactical example Slide courtesy of M
orten Borup 
Point at 
Link 7 
Weir 
(measured water 
level 
”True” value 
Borup et al. (2014), Updating 
distributed hydrodynamic urban 
drainage models, Proceedings 
of 13th ICUD2014 
Ensamble-based updating 
Didactical example Slide courtesy of M
orten Borup 
Point at 
Link 7 
Weir 
(measured water 
level 
”True” value 
Updated 
Borup et al. (2014), Updating 
distributed hydrodynamic urban 
drainage models, Proceedings 
of 13th ICUD2014 
Synthetic test on distributed system 
Updating using upstream water level gauge 
Downstream flow validation 
 
 
R2 
Downstream flow validation 
Slide courtesy of M
orten Borup 
Borup et al. (2014), Updating distributed hydrodynamic urban drainage models, 
Proceedings of 13th ICUD2014 
Poor rain data 
+ poor 
observations 
=> good 
model 
DA on distributed urban drainage models? 
Updated models can “sense” if system behaviour is changing 
Updated models can be used to draw information out of 
otherwise very poor data sources (Pump power consumption, 
overflow or not, low turbidity, ..) 
Models need observations 
 …but 
Observations also need models!  
 
 
Slide courtesy of M
orten Borup 
Work in progress – stay tuned for results from the 
Klimaspring project 
Not ready for on-line use (yet) 
Computational requirements (ensemble of heavy models) 
temporal and spatial error statistics of the rainfall 
estimates should be known in big systems 
See also Borup (2014), PhD thesis, DTU Environment 
Control 
Strategy 
Model 
now 
Model 
Model 
Measurements Models Forecasts Uncertainty 
The happy 
operator 
Rainfall 
measurements 
Short-term rainfall 
forecasts 
Continuously updated 
hydrodynamic models 
Stochastic rainfall-
runoff forecast 
WWTP forecast 
models 
MPC strategy 
addressing 
uncertainty 
The fellowship of SWI – the long journey 
Stochastic runoff forecasts 
Observations 
 
Löwe et al. (2014). J. Hydrology, 512, doi:10.1016/j.jhydrol.2014.03.027 . 
Stochastic runoff forecasts 
Observations 
 
Löwe et al. (2014). J. Hydrology, 512, doi:10.1016/j.jhydrol.2014.03.027 . 
Stochastic runoff forecasts Slide courtesy of Roland Löwe 
2 hrs runoff 
volume forecasts 
Quantiles  
(98% confidence) 
Few seconds (10-20) 
Control 
Strategy 
Model 
now 
Model 
Model 
Measurements Models Forecasts Uncertainty 
The happy 
operator 
Rainfall 
measurements 
Short-term rainfall 
forecasts 
Continuously updated 
hydrodynamic models 
Stochastic rainfall-
runoff forecast 
WWTP forecast 
models 
MPC strategy 
addressing 
uncertainty 
The fellowship of SWI – the long journey 
Modelling of secondary sedimentation 
under wet-weather conditions Slide courtesy of Elham Ramin 
Secondary clarifies are one of the most sensitive points 
for WWTP performance 
Improvement of conceptual models with new setting models 
Inter-model calibration (CFD vs layers) 
Still not ready for on-line application  
default set-up: >60 layers = >60 state variables  
(too many for grey-box models) 
From Ramin (2014), PhD thesis, DTU 
Environment 
Controlling the WWTP based on energy 
prices Slide courtesy of Rasmus Fogtmann Halvgaard 
Integrated Control 
€ kgN 
Stochastic differential ASM1 model 
€ 
Controlling the WWTP based on energy 
prices – moving upstream Slide courtesy of Rasmus Fogtmann Halvgaard and Julie Evald Bjerg 
P1 
P2 
Reduce CSO 
Controlling the WWTP based on energy 
prices – moving upstream Slide courtesy of Julie Evald Bjerg and Vianney Courdant 
P1 
P2 
Optimize WWTP Operations 
Controlling the WWTP based on energy 
prices – moving upstream Slide courtesy of Julie Evald Bjerg and Vianney Courdant 
P1 
P2 
Optimize WWTP Operations 
Numerical Weather 
Prediction models are used 
to switch between the two 
controls 
Bjerg et al. (2015) Coupling of weather forecasts and smart grid-control of wastewater inlet to 
Kolding WWTP (Denmark) – Presented on Monday morning (session on RTC quantity) 
 
Control 
Strategy 
Model 
now 
Model 
Model 
Measurements Models Forecasts Uncertainty 
The happy 
operator 
Rainfall 
measurements 
Short-term rainfall 
forecasts 
Continuously updated 
hydrodynamic models 
Stochastic rainfall-
runoff forecast 
WWTP forecast 
models 
MPC strategy 
addressing 
uncertainty 
The fellowship of SWI – the long journey 
Why uncertainty matters 
Didactical example 
Detention 
basins 
Treatment 
plant 
West Town East Town 
Real Time Control Objective: 
Maximize storage 
West Town East Town 
Model forecast 
(without 
uncertainty) 
“Traditional” MPC Objective: 
Maximize future storage 
√ 
? Rainfall 
evolution is 
uncertain 
Risk-based Model Predictive Control 
 Target 
 Target 
West Town East Town 
If we do not consider 
uncertainty 
If we consider 
uncertainty 
Risk of overflow 
Objective: 
Minimize CSO risk 
Risk-based Model Predictive Control 
The Dynamic Overflow Risk Analysis 
(DORA) 
Dynamic Overflow 
Risk Assessment 
(DORA) 
Radar-based 
runoff 
prediction 
Uncertainty of  
forecasts 
On-line 
data 
Optimal set-
points 
 
Vezzaro, L., & Grum, M. (2014). J. Hydrology, 515, 
doi:10.1016/j.jhydrol.2014.05.019. 
The Lynetten catchment 
Central Copenhagen, Denmark 
West Amager 
(13,500 m3) 
East Amager 
(44,400 m3) 
Kloevermarken 
(27,500 m3) 
Lynetten 
(WWTP) 
St. Anne 
(8,000 m3) 
Strandvaenget (basin) 
(60 m3) Lersoeledning 
(27,000 m3) 
Strandvaenget (pump) 
(no storage) 
Sensitivity of overflow recipient 
CSO ”price” 
€ 
€ 
€ 
€ 
€ 
€ 
€ 
€ € 
Forecast uncertainty 
2 hr forecasted volume 
€ 
€ 
€ 
€ 
€ 
€ 
€ 
€ € 
Does it pays off to include forecast 
uncertainty? 
Summary (13 events) 
60% reduction 
32% reduction 
No control 
Deterministic forecasts 
Deterministic forecasts with 
uncertainty 
C 
D 
E Stochastic forecasts with uncertainty 
Vezzaro et al. (2014), Risk-
Based Model Predictive Control 
of Urban Drainage Networks 
When Uncertainty Matters, 
Proceedings of 13th ICUD2014 
YES, it works! 
Forecast uncertainty 
improves the performance of 
your system… 
YES! 
Forecast uncertainty 
improves the performance of 
your system… 
Does it pays off to include forecast 
uncertainty? 
Summary (13 events) 
No control 
Deterministic forecasts 
Deterministic forecasts with 
uncertainty 
C 
D 
E Stochastic forecasts with uncertainty 
…but your uncertainty 
should not be too big 
Control 
Strategy 
Model 
now 
Model 
Model 
Measurements Models Forecasts Uncertainty 
The happy 
operator 
Rainfall 
measurements 
Short-term rainfall 
forecasts 
Continuously updated 
hydrodynamic models 
Stochastic rainfall-
runoff forecast 
WWTP forecast 
models 
MPC strategy 
addressing 
uncertainty 
What next? 
The fellowship of SWI – the long journey 
The SWI sequels 
Integration with smart grid (energy control)  √ 
Flood-risk based warning and control ≈  
Water quality based control ≈ 
 
Integration with smart grid (energy control)  √ 
Flood-risk based warning and control  ≈  
Water quality based control ≈ 
 
The SWI sequels 
Hirlam RA3 
rainfall forecast 
with data 
assimilation 
Flood warning system - the idea 
1D-2D 
simulations as 
a standard tool 
) ) ) ) ) )
Generate hourly flood 
forecasts for 6 hours 
into the future 
Petersen et al. (2015) SURFF – Operational flood warnings for cities based on hydraulic 1D-2D 
simulations and NWP  – Presented on Monday afternoon (session on flood warning) 
 
Slide courtesy of Steen O. Petersen 
SURFF – flood warning 
Meneses et al. (2015) SURFF 
– Operational flood 
warnings for cities based 
on hydraulic 1D-2D 
simulations and NWP  – 
Presented on Monday 
afternoon (session on 
flood warning) 
 
07:00 
6 hr 
08:25 
NWP forecast 1D-2D model forecast 
08:49 
What happened  
(model with measured rainfall) 
Slide courtesy of Steen O. Petersen 
SURFF – flood warning 
07:00 
6 hr 
08:25 
NWP forecast 1D-2D model forecast 
08:49 
What happened  
(model with measured rainfall) 
What 
about 
uncertainty
??? 
Work in progress 
Slide courtesy of Steen O. Petersen 
Søren Thorndahl – Department of Civil Engineering Aalborg University 
 
 
 
Real-time urban flood modelling with nowcasted radar rainfall data 
63 
Setup – Flood model: 
 
- Digital elevation model: 
   Horisontal resolution: 1.6 m 
   Vertical resolution: 0.01 m 
 
- Model: Mike Urban (drainage 
system) + Mike 21 (2D flood), DHI 
 
- Manholes: 600 
 
- Area: 4.2 km2 
 
- Flood model resolution: 1.6 x 1.6 m2 
 
- Number of grid cells: 1500 x 1100 
 
-Computation time: ~0.2-0.3 x real-time  (on a 
standard desktop pc) 
Søren Thorndahl – Department of Civil Engineering Aalborg University 
 
 
 
Real-time urban flood modelling with nowcasted radar rainfall data 
Setup – radar rainfall input: 
 
- Adjusted in ”real-time” with 9 rain 
gauges (fixed time: 24 h) 
 
- Advection interpolation is applied 
 
- Nowcast with leadtimes: 30, 60, 90 
and 120 min 
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06 Aug 2012
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∆t = 10 min
∆t = 1 min
No real-time calibration of the model 
Søren Thorndahl – Department of Civil Engineering Aalborg University 
 
 
 
Leadtime 0 min. (radar obs.) 
0-0.1 m 
0.1-0.2 m 
0.2-0.3 m 
> 0.3m 
Søren Thorndahl – Department of Civil Engineering Aalborg University 
 
 
 
Leadtime 30 min.  
0-0.1 m 
0.1-0.2 m 
0.2-0.3 m 
> 0.3m 
Søren Thorndahl – Department of Civil Engineering Aalborg University 
 
 
 
Leadtime 60 min.  
0-0.1 m 
0.1-0.2 m 
0.2-0.3 m 
> 0.3m 
Søren Thorndahl – Department of Civil Engineering Aalborg University 
 
 
 
Leadtime 90 min.  
0-0.1 m 
0.1-0.2 m 
0.2-0.3 m 
> 0.3m 
Søren Thorndahl – Department of Civil Engineering Aalborg University 
 
 
 
Leadtime 120 min. 
0-0.1 m 
0.1-0.2 m 
0.2-0.3 m 
> 0.3m 
Integration with smart grid (energy control)  √ 
Flood-risk based warning and control  ≈  
Water quality based control ≈ 
 
The SWI sequels 
Sensitivity of overflow recipient 
CSO ”price” 
€ 
€ 
€ 
€ 
€ 
€ 
€ 
€ € 
Bathing areas 
Inlet to Lynetten WWTP 
Pressurized pipes 
Volume ≈ 20,000 m3 
Start of 
wet 
weather 
Start of dilution 
Water quality based control is possible 
€ 
€ 
€ 
€ 
€ 
€ 
€ 
€ 
€ 
€ 
€ 
€ 
€ 
€ 
€ 
€ 
€ 
€ 
€ 
€ 
€ 
As long as the WWTP inlet is 
dirtier, let’s try to protect it 
Once beach is contaminated, is as 
important as the other CSO 
Vezzaro et al. (2014), Procedia Engineering 70, doi:10.1016/j.proeng.2014.02.188 
Water quality based control is possible  
In theory 
Water quality-based control need 
reliable measurements 
 
On-line Data Quality Control (DQC) 
methods 
 
We have 
wonderful 
advanced 
methods 
Yes, but they 
mostly work off-
line 
On-line water quality data 
Alferes et al. (2014), Advanced 
monitoring of wastewater 
quality: data collection and data 
quality assurance, Proceedings 
of 13th ICUD2014 
Vezzaro and Mikkelsen (2015), Reliability of adaptive multivariate software sensors for sewer water quality 
monitoring – This afternoon (session on Data Quality) 
I have 
thousand other 
things to do! 
N
H
4 
Water quality based control is possible  
But.. 
We need robust tools/methods which are easy to operate and 
to maintain 
 
Sensor 
Maintenance 
Multivariate DQC 
Software Sensors 
… 
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From www.wikipedia.org 
Measurements Models Forecasts Uncertainty 
The happy 
operator 
The SWI concept 
Happy Ending? 
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The Lynetten catchment 
Central Copenhagen, Denmark 
West Amager 
(13,500 m3) 
East Amager 
(44,400 m3) 
Kloevermarken 
(27,500 m3) 
Lynetten 
(WWTP) 
St. Anne 
(8,000 m3) 
Strandvaenget (basin) 
(60 m3) Lersoeledning 
(27,000 m3) 
Strandvaenget (pump) 
(no storage) 
The importance of involving the final users 
From lego.wikia.com 
Dear smart people from 
university, what wonderful 
tool did you prepare  for 
me? 
With a genetic 
algorithm which 
minimizes risks you 
will…. 
We have an Extended 
Kalman Filter to 
assimilate data and… 
If you use a 
stochastic 
differential equation… 
Can you please 
make a if-then 
scheme of you 
DORA? 
?????? 
Final users/operators should  
Be involved since day 1 (better from -1) 
not only be “data-provider” 
Feel ownership of the new developed tool 
(and be eager to “play” with it) 
Thanks, but my 
system works fine as 
it is 
Energy-based control of Kolding WWTP 
on-line tests 
Slide courtesy of Rasmus Fogtmann Halvgaard 
Now 
1 day forecasts 
Conclusions 
and they lived happily ever after 
We have now new tools for on-line model-based operation 
of integrated urban wastewater systems 
 
 
 
 
On-line operations require new tools/concepts  
If you work shoulder to shoulder with the operators, then 
your tools will be bettter (and they will be used) 
Measurements Models Forecasts Uncertainty 
The happy 
operator 
Thanks! 
To all the colleagues from SWI and other 
projects 
…especially those who borrowed their slides 
